Abstract-A current error space phasor based simple hysteresis controller is proposed in this paper to control the switching frequency variation in two-level pulsewidth-modulation (PWM) inverter-fed induction motor (IM) drives. A parabolic boundary for the current error space phasor is suggested for the first time to obtain the switching frequency spectrum for output voltage with hysteresis controller similar to the constant switching frequency voltage-controlled space vector PWM-based IM drive. A novel concept of online variation of this parabolic boundary, which depends on the operating speed of motor, is presented. A generalized technique that determines the set of unique parabolic boundaries for a two-level inverter feeding any given induction motor is described. The sector change logic is self-adaptive and is capable of taking the drive up to the six-step mode if needed. Steady-state and transient performance of proposed controller is experimentally verified on a 3.7-kW IM drive in the entire speed range. Close resemblance of the simulation and experimental results is shown.
I. INTRODUCTION
A MONG the different types of current-controlled pulsewidth modulation (PWM) techniques, hysteresis controllers offer inherent simplicity in implementation and excellent dynamic performance [1] , [2] . However, the conventional type of hysteresis controller suffers from limit cycle oscillations, overshoot in current error, generation of subharmonic components in current, and random switching of inverter voltage vectors [1] - [3] . To eliminate these basic drawbacks, different variants of current error space phasor based hysteresis controllers with fixed tolerance bands are reported in the literature [2] , [4] - [12] . However, hysteresis controllers with fixed bands suffer from wide variations in switching frequency in a fundamental cycle [1] - [3] , [7] , [8] , [12] - [14] , which results in increased switching losses in the inverter.
A phase-locked-loop (PLL) control-based hysteresis controller is proposed in [13] for constant switching frequency operation of the inverter. However, the PLL proposed in [13] might lose synchronization in case of large transients. The adaptive hysteresis band current control technique presented in [14] programs the hysteresis band as a function of load and supply parameters to optimize the PWM performance. An improved constant-frequency hysteresis controller, which is proposed in [16] , uses a complex analog feedforward for the prediction of the band in addition to PLL control. However, the band control schemes presented in [13] - [16] are either complex to implement, require extensive knowledge of the system parameters, suffer from stability problems, or have limitations in transient performance. Also, more importantly, although efforts are made in [13] - [16] to control the switching frequency in a fundamental cycle, the variation of switching frequency over the operating speed range of the machine is not examined. A digital hysteresis modulation technique ensuring dynamic performance similar to an analog hysteresis controller is proposed in [19] .
In this paper, a hysteresis controller with a novel concept of online variation of parabolic boundary for the current error space phasor is proposed for controlling switching frequency variation in two-level inverter-fed induction motor (IM) drives. The switching frequency spectrum of the output voltage with the proposed hysteresis controller is obtained similar to that of a constant switching frequency voltage controlled space vector PWM (VC-SVPWM) based IM drive. Steady-state and transient performance of the proposed controller is experimentally verified on a 3.7-kW IM drive for the entire operating range up to six-step mode of operation. The proposed scheme is general in nature and is applicable for a two-level voltagesource inverter (VSI) feeding any given induction motor. in Fig. 1(b) [17] . At any instant of time, if ∆i A , ∆i B , and ∆i C are the current errors along A, B, and C phases of the motor, respectively, then the current error space phasor (∆i) can be written as [10] , [12] 
II. CURRENT ERROR SPACE PHASOR
In (1), ∆i is derived as a vectorial difference of the machine current space phasor (i) and the reference current space phasor (i * ) [10] , [12] . If the inverter output voltage vector is defined as V k (k can be any value between 1 and 8), then the voltage and current equation for the IM drive in Fig. 1(a) is given by
where R s is the stator resistance, L σ is the leakage inductance, and V b is the back electromotive force (EMF) vector of the machine. In (2), R s ∆i can be neglected, and (2) can be further simplified as [4] , [10] , [12] d∆i dt
where V m is the machine voltage vector. Fig. 2 shows three different directions of ∆i (P Q , P R , and P S ) when the inverter voltage vectors V 1 , V 2 , and V 0 (V 7 or V 8 ) are switched for position of V m in Sector-1 [10] , [12] . A detailed analysis of the directions of ∆i for the switching of different voltage vectors in any of the sectors for any given position of V m is provided in [10] and [12] . It can be found from (3) that the inverter switching frequency is influenced by leakage inductance L σ , machine voltage vector V m , inverter voltage vector V k (dc-link voltage V dc of inverter), and current error space phasor ripple (∆(∆i)). Over a fundamental period, the position of V m varies, and V k also changes [1] . Therefore, for the given operating speed, if shape of the fixed boundary of ∆i is not properly selected, then the switching frequency of inverter will vary over a fundamental cycle. Further to this, if the same boundary of ∆i is maintained for different operating speeds of the machine, then also the inverter switching frequency will vary. This situation demands for a proper mathematical derivation of boundary for ∆i over the entire linear operating range of the drive.
III. INVESTIGATION OF CURRENT ERROR SPACE PHASOR VARIATION IN VC-SVPWM-BASED IM DRIVE
In VC-SVPWM-based inverter-fed IM drives, the PWM switching interval (T S ) is kept constant, and hence, the switching frequency of the inverter remains constant. For the position of reference voltage space vector (V * m ) in any sector, the switching times T 1 and T 2 for active voltage vectors and T 0 for zero voltage vectors are derived as
where θ is the angle of V * m in degrees in that sector [17] . Hence, each voltage vector remains "ON" for a specified fixed period irrespective of the amplitude and direction of the current error space phasor generated by the SVPWM inverter while switching any particular voltage vector.
Although, generally, there does not exist a concept of monitoring the current error space phasor in SVPWM inverters, efforts are made in this paper to study the behavior of current error space phasor with respect to the varying speed of the IM drive. The outcome of this study provides basis for the proposed work for deciding the variation in the boundary of ∆i for a current-controlled VSI-fed IM drive with switching frequency variation control. Now, for SVPWM-based inverterfed IM drives, (3) can be rewritten as
where
and L σ as constants, integrating both sides of (5) gives
where T can be either T 0 , T 1 , or T 2 depending upon V k . Now, for any position of V * m in any of the given sector in Fig. 1(b) , the amplitude of ∆i can be theoretically found out using (4) and (6) • ) for a few switching intervals is shown in Fig. 3(a) for 10-Hz operation of the SVPWM-based IM drive with T S = 800 µs. In Fig. 3 (a) [using (4) and (6)], P Q is the direction of ∆i when V 7 is switched for T 0 /2 duration in a T S period of SVPWM control. Similarly, when V 1 is switched for T 1 duration, ∆i moves along QR, and so on. To get an idea about the shape of the boundary of ∆i, the movement (trajectory) of ∆i is studied for switching off different voltage vectors for different positions of V * m (for various speeds of machine) throughout Sector-1. Then, the extreme points (envelope) of these trajectories are joined (interpolated) with a curve. As an example, a theoretical boundary of ∆i for positions of V * m in Sector-1 is shown in Fig. 3 (b) for different operating speeds.
The drive system is simulated for constant switching frequency VC-SVPWM operation (T S = 800 µs, V dc = 350 VDC, and L σ = 0.0465 H), and the trajectory of ∆i in a sector for different speeds of operation is shown in Fig. 4 (a). The trajectory of ∆i for a fundamental cycle of operation is shown in Fig. 4 (b) for various operating speeds. The motor phase voltage and phase current waveforms and the normalized harmonic spectrum (fast Fourier transform, FFT) of phase voltage for 10-and 41-Hz operation are shown in Fig. 4 (c) and (d), respectively. From Fig. 4 (a) and (b), the envelope (boundary limit) of ∆i can be deduced for the proposed hysteresis controller. It can be seen from Figs. 3(b) and 4(a) and (b) that for a given operating speed, the shape of the boundary for ∆i is the same for all sectors, but the orientation will change. Also, as shown in Fig. 4(a) , the orientation of the boundary for ∆i is the same for opposite sectors of the voltage space phasor structure, such as Sector-2 and Sector-5 [ Fig. 1 formed by a set of four unique parabolas. As an example, for 10-Hz operation [ Fig. 3(b) ], the boundary of ∆i is formed by parabola-1 between points E and F, parabola-2 between F and G, parabola-3 between G and H, and parabola-4 between H and E. A general equation for a vertical parabola defined with respect to X-Y axes is
where (h, k) is the vertex, and p is the distance between vertex and focus of the parabola. Similarly, a horizontal parabola can be defined as
It is to be noted from Figs. 3(b) and 4(a) that for any given sector, the shape and the amplitude of the boundary of ∆i vary based on the speed of the machine. Also, the parabolas have different values of vertex and focus for different machines (having different L σ ). So, for the proper functioning of the proposed hysteresis controller, it is required, first of all, to properly define the boundaries for ∆i for the given operating conditions. The parabolic boundaries are detected by sensing ∆i along A, B, and C, and j A , j B , and j C axes as proposed in [9] , [10] , and [12] . Fig. 5 shows the boundary for ∆i in Sector-1 at 10-Hz operation for the proposed drive on a multiple-axis plane. The complete boundary is divided into four parabolas, as shown in Fig. 5 . These four parabolas are intersecting each other at different points. A generalized technique is developed in the proposed work to realize these four parabolas uniquely (to find the focus) from the exact information on (x1, y1), (x2, y2), (x3, y3), (x4, y4) and (h1, k1), (h2, k2), (h3, k3), (h4, k4). The parameters of the parabolas for different speeds are computed using values of the dc-link voltage V dc of the inverter, base speed of the machine, stator leakage inductance L σ of the machine, and switching interval T S . Simple techniques are available in the literature to find L σ from terminal measurements [18] for any given induction motor.
The values of the input parameters to generalized technique are V dc = 350 VDC, base frequency = 50 Hz, L σ = 0.0465 H (Appendix), and T S = 800 µs. For online variation of the boundary of ∆i from 1 to 45 Hz (end of the linear range [17] ), a resolution of 1 Hz is taken in the proposed technique. The amplitude of the machine voltage vector (V m ) is found for all the operating frequencies in the linear range using the V /f ratio [17] . Then, the switching times T 1 , T 2 , and T 0 are found using (4) for two different angular positions of V m (θ = 0
• and θ = 30
• ) in a sector. Now, the amplitudes of ∆V (V k ) are found using the law of parallelogram for both of these angular positions V m , i.e.,
Then, the amplitudes of ∆i during switching of V 1 , V 2 , and V 0 are calculated using (6) for θ = 0
• for operating frequencies from 1 to 45 Hz.
In Fig. 5 , parabola-1 and parabola-3 are symmetric around the B-axis, and parabola-2 and parabola-4 are symmetric around the j B -axis. Therefore, B-axis is considered as X-axis, and j B -axis is considered as Y -axis [for the parabola definition based on (7) and (8)] for ∆i in Sector-1. In Fig. 5 , the distance from the center of the plane to point (x1, y1) is the amplitude of ∆i (i.e., ∆i (V 0 ) /2) when V m is just at the start of Sector-1 (θ = 0
• ) and V 0 (V 7 or V 8 ) is switched for the period T 0 /2 of the switching interval T S . Therefore, the point (x1_new, y1_new) with respect to the new reference axis (B and j B ) is calculated using
as shown in Fig. 5 . In Fig. 5 , the distance from the center of the plane to point (x2, y2) is the amplitude of ∆i (i.e., ∆i (V 0 ) /2) when V m is just at the end of Sector-1 (θ = 60 • ) and V 0 (V 7 or V 8 ) is switched for the period T 0 /2. Hence, from the symmetry in Fig. 5 , it can be noted that x2_new = x3_new = −(x1_new), and x4_new = x1_new. In a similar way, the new y coordinates are y2_new = y1_new, and y3_new = y4_new = −(y1_new). Now, with the B and j B axes as the new X and Y axes, respectively, it is obvious that the vertex of parabola-1 will be (h1_new, 0). Similarly, the vertex of parabola-2, parabola-3, and parabola-4 will be at (0, k2_new), (h3_new, 0), and (0, k4_new), respectively. In Fig. 5 , the distance from the center of the plane to point (h2, k2) is the amplitude of ∆i when V m is just at the center of Sector-1 (θ = 30
• ) and V 0 (V 7 or V 8 ) is switched for the period T 0 /2. Therefore, the point k2_new is directly calculated using
From the symmetry, it is considered that k4_new = −(k2_new). Now, based on Fig. 3(a) , the distance between (h2, k2) and (h3, k3) in Fig. 5 is the amplitude of ∆i when V m is just at the center of Sector-1 (θ = 30 • ) and V 1 is switched for the period T 1 of a sampling interval T S . Hence, using geometry, as shown in Fig. 5 , the coordinate h3_new is calculated in the proposed technique as
For a given operating speed, with θ = 30
• , from (4), it can be shown that T 1 = T 2 , and hence using (6), it is found that
To define the boundary of ∆i for any operating speed, it is required to know the focus of all the four parabolas (Fig. 5) . In this paper, the values of p (distance between vertex and focus) for parabola-1 to parabola-4 can be determined using (7) and (8) Graphical plots of parameters of the boundary defining parabolas are shown in Fig. 6(a)-(d) for parabola-1 and Fig. 6(a) , the value of p1 for parabola-1 is always negative, because parabola-1 is always toward the center of the plane for different operating frequencies [ Fig. 3(b) ]. Fig. 6(b) shows the change in polarity of p2 for parabola-2 at the 25-Hz operation. This is also seen in Fig. 3(b) , where parabola-2 is toward the center of the plane for 10-and 20-Hz operations, whereas it is outward the plane for 30-and 40-Hz operations. The coordinate h1 of the vertex of parabola-1 has the linear change with respect to the operating frequency, as shown in Fig. 6(c) . The variation in k2 of parabola-2 with operating frequency is shown in Fig. 6(d) . The parameters of the parabolas derived based on Sector-1 ( Fig. 5 ) are also applicable for parabolas for other sectors with a change in the reference axes (Table I ). The outputs of the generalized technique are used to form the lookup tables for DSP (for practical implementation of the proposed scheme) for online variation of the boundary of ∆i (in 1-Hz step) from 1-to 45-Hz operation of any given machine. For overmodulation mode of operation (above 45 Hz), the boundary of ∆i is maintained the same as that used for 45-Hz operation, as the switching frequency of the inverter is not a significant concern in the overmodulation mode of operation (leading to the six-step mode) [9] . Fig. 6 (e) shows the plot of parabolic boundaries generated for Sector-2 (and Sector-5) using the output of the developed generalized technique.
V. ADJACENT INVERTER VOLTAGE VECTOR SELECTION AND SECTOR CHANGE DETECTION IN PROPOSED HYSTERESIS CONTROLLER
In the proposed hysteresis controller, the amplitude of ∆i is monitored along the set of A, B, and C, and j A , j B , and j C axes [9] , [10] , [12] . The controller considers different sets of reference X and Y axes for the boundary defining parabolas, as shown in Table I , for different sectors. Different conditions are set for selecting the proper adjacent inverter voltage vector to keep ∆i within the specified parabolic boundary (for a particular speed), as shown in Table II for Sector-1 [9] , [10] . For example, for any given speed and for position of V m in Sector-1, if ∆i is within the axis −C and −A of Fig. 5 (checked by the condition i jC < 0 and i jA ≥ 0 in column II of Table II) , and simultaneously if ∆i goes outside parabola-1 [checked by the condition (y 2 − 4(p1(x − h1))) ≥ 0 in column II of Table II , based on (8)], then the controller will switch the voltage vector V 1 , which will again bring back ∆i within the parabolic boundary. In this check, the values of y and x are the online sensed values of the component of ∆i on axes j B and B, respectively (Table I for Sector-1), while p1 and h1 are the values of the focus and vertex of the particular boundary parabola provided by the proposed generalized technique [ Fig. 6(a) and (c) ] for that speed. It can be seen from Table II that for parabola-2 and parabola-4, two different checks are provided, out of which the controller will select the one based on the operating speed of the machine. This is because of the fact that parabola-2 and parabola-4 change orientation from 25 Hz onwards operation [p2, Fig. 6(b) ]. Similar checks are carried out for all the other sectors to keep ∆i within the parabolic boundary by optimum switching of adjacent inverter voltage vectors. The vector selection logic shown in Table II is applicable for forward and reverse rotation of the machine.
To facilitate the identification of sector change, an outer parallel hysteresis band is proposed, which is similar to [10] and [12] . Sector detection is done by the logic explained in Table III , which uses the outer parabolic bands for detecting the change in the sector. As an example, for forward rotation of the machine, sector change from Sector-1 to Sector-2 is uniquely detected along the j C -axis [10] , [12] , which is checked by the appropriate conditions mentioned in column III of Table III . The sector change logic is self-adaptive and can lead the inverter up to six-step mode of operation if needed. The sector change logic shown in Table III is for the forward rotation of the machine (anticlockwise movement of V m ). A similar logic can also be developed for the reverse rotation of the machine.
VI. SIMULATION RESULTS OF PROPOSED HYSTERESIS CONTROLLER
Detailed simulation studies of the proposed hysteresis controller scheme are first carried out using Simulink. The parameters of IM used in the proposed simulation studies are given in Appendix. The results of the simulation studies are shown in Fig. 7(a)-(c) for different operating speeds, which is up to the six-step mode of operation. Comparing Fig. 7(a) with Fig. 4(a) and (b) shows that the proposed hysteresis controller keeps ∆i within the predefined parabolic boundaries similar to the SVPWM-based inverter. Fig. 7(b) and (c) shows the machine phase voltage (v AN ), phase current (i A ), and normalized harmonic spectrum of v AN at 10-and 40-Hz operation, respectively. The voltage and current waveforms in Fig. 7(b) and (c) are similar to the waveforms shown in Fig. 4(c) and (d) , respectively, of the SVPWM scheme. The spectrum in Fig. 7(b) and (c) shows a very close resemblance with the spectrums in Fig. 4(c) and (d) (for same frequency of operation of SVPWM scheme). In the proposed scheme, during sector change detection, ∆i is allowed to come out of the parabolic boundary (six times in a cycle of operation), and this can cause slight spreading of the sidebands at higher speeds of operation due to the 5th and 7th harmonics of the fundamental [ Fig. 7(b) and (c)]. However, the boundary ∆i of the proposed hysteresis controller [ Fig. 7(a) ] is shape wise and size wise quite similar to the boundary shown in Fig. 4(a) and (b) with SVPWM control. This proves the concept of switching frequency variation control in the proposed hysteresis controller. 
VII. EXPERIMENTAL RESULTS
The proposed hysteresis controller is implemented on a 3.7-kW IM (Appendix) drive fed with a two-level VSI using vector control [12] . The machine currents are sensed on two phases only. The proposed hysteresis controller is completely implemented on a TMS320LF2407A DSP controller platform. The boundary of ∆i is implemented using the parameters of boundary defining parabolas provided by the generalized technique described in Section IV [ Fig. 6(a)-(d) ]. Vector selection and sector detection are achieved using lookup tables (Tables II  and III) inside the DSP.
Figs. 8-11 show the experimental results of the proposed hysteresis-controller-fed IM drive in steady-state operations up to the six-step mode. Because of the sector change detection using outer parabola boundaries, multiples of the 5th and 7th harmonics are also present with small amplitudes in the spectrums shown in Figs. 8-10 . These harmonics can be further reduced by selecting the outer band (for sector change detection) very close to the main band and by using faster DSPs. To prove the performance of the proposed scheme, experimental waveforms of the components of ∆i along the α-axis and β-axis are captured using storage scope and shown in Figs. 8-11 for various steady-state speeds of operation. It can be seen from these plots that the proposed hysteresis controller keeps ∆i within the predefined parabolic boundaries. All the steady-state experimental plots of the boundary of ∆i are in agreement with the simulation results.
Experimental results demonstrating transient performance of the proposed controller are shown in Fig. 12 . Fig. 12(a) shows smooth transition to the six-step mode [9] , [10] . Fig. 12(b) shows transient performance of the proposed controller during speed reversal, where the actual current follows the reference current. This current control is achieved by online variation of the parabolic boundary with different speeds and with resolution of 1 Hz. All the experimental results demonstrate smooth steady-state and dynamic performance, and excellent tracking of machine phase current with the reference phase current throughout the transitions with switching frequency variation control. The present parabolic boundary approach can also be used for front-end active rectifiers with constant fundamental frequency for input current shaping [20] . The present scheme for two-level inverters can also be extended to PWM control of multilevel inverters, where the conventional SVPWM technique [21] is complex to implement, with switching time computations in various sectors, as the number of levels increases. 
VIII. CONCLUSION
A novel concept of online variation of the parabolic boundary for current error space phasor is proposed to minimize switching frequency variation in hysteresis-controller-based two-level VSI-fed IM drives. The proposed hysteresis controller obtains a switching frequency spectrum of the output voltage that is similar to that of the constant switching frequency SVPWM-based IM drive. A generalized technique that determines the set of unique parabolic boundaries for a two-level inverter feeding any given induction motor is developed. Sector change logic is self-adaptive and is capable of taking the drive up to six-step mode if needed. Simple lookup tables are only needed for the proposed controller. Steadystate and transient performance of the proposed controller is experimentally verified on a 3.7-kW IM drive for the entire operating range up to six-step mode. The experimental results are in good agreement with the simulation results. All other inherent advantages of space phasor based hysteresis current controller such as adjacent voltage vector switching, no need of machine back EMF calculation, and fast dynamic response are retained in the proposed scheme in addition to switching frequency variation control and optimum PWM switching. 
